Ca 2؉ channels play critical roles in the regulation of synaptic activity. In contrast to the well established function of voltageactivated Ca 2؉ channels in the presynaptic membrane for neurotransmitter release, some studies are just beginning to elucidate the functions of the Ca 2؉ channels in the postsynaptic membrane.
N
eurotransmitter-mediated communication between a presynaptic and a postsynaptic membrane is a fundamental neurophysiological phenomenon. The precise organization and dynamic change of presynaptic and postsynaptic protein components underlies the physiological regulation of synaptic efficacy. The study of the organization and dynamics of synaptic proteins is the key to our understanding of synaptic plasticity, neuronal development, and some neurological disorders.
The ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptor is one of the major types of glutamate receptors (GluRs) mediating neurotransmission in the excitatory postsynaptic membrane. Activity-dependent trafficking of AMPA receptors in and out of the postsynaptic membrane is one of the key mechanisms for synaptic plasticity such as long-term potentiation (LTP) and long-term depression. Although recent studies have identified several postsynaptic proteins that interact with the AMPA receptor C terminus and are potentially involved in AMPA receptor trafficking, the precise mechanism for the modulation of AMPA receptors trafficking in the postsynaptic membrane is still not clear (1) .
Voltage-activated Ca 2ϩ channels function in many fundamental physiological processes, including neurotransmission, muscle contraction, intracellular signaling, hormone secretion, and development. The function of voltage-activated Ca 2ϩ channels (called Ca 2ϩ channels or Ca v hereafter) for neurotransmission in the presynaptic membrane has been intensively studied because the Ca 2ϩ channel is a key player in the coupling of electric and chemical signals in presynapses. In addition to the presynaptic function, postsynaptic function of Ca 2ϩ channels is beginning to be revealed through recent biophysical studies. Induction of hippocampal mossy fiber LTP by brief high-frequency stimulation (B-HFS) requires an influx of Ca 2ϩ through voltageactivated Ca 2ϩ channels at the postsynapse (2). Brain-derived neurotrophic factor (BDNF)-mediated LTP in hippocampal neurons requires activation of postsynaptic voltage-activated Ca 2ϩ channels (3) . It is known that the neuronal high-voltage-activated Ca 2ϩ channel consists of at least three subunits: a main subunit, ␣ 1 , and two auxiliary subunits, ␤ and ␣ 2 ␦ (4). In addition, the association of the ␥ subunits (␥ 2 and ␥ 3 ) with neuronal Ca 2ϩ channels has recently been established (5, 6) , which is similar to the association of ␥ 1 subunit with skeletal Ca 2ϩ channels (7) . Interestingly, a role of the ␥ 2 subunits (stargazin) in the trafficking͞clustering of AMPA receptors has been reported (8) (9) (10) (11) . Stargazin functions as a chaperon protein for proper folding and surface expression of AMPA receptors. Stargazin also involves in the synaptic targeting of AMPA receptors through its interaction with PSD95, a scaffolding protein enriched in postsynaptic density (PSD). In addition, a recent study showed involvement of stargazin in cell aggregation (12) . Taken together, these studies suggest the intriguing possibility that the ␥ 2 subunit has more than one function in the brain.
In this article, we examined the association of AMPA receptors with neuronal Ca 2ϩ channels through biochemical, electrophysiological, and Ca 2ϩ -imaging analyses. Our results show that native neuronal Ca 2ϩ channels can form a large complex with postsynaptic proteins in the postsynaptic membrane and that this association could change some biophysical properties of these Ca 2ϩ channels and AMPA receptors.
Results
To study the composition of voltage-activated Ca 2ϩ channels complex, the Ca 2ϩ channel complexes were enriched from rabbit brain or skeletal muscle through microsome preparation, KCl wash, solubilization, wheat germ agglutinin (WGA) chromatography, and sucrose gradient fractionation as described in Methods. Western blot analysis of sucrose gradient fractions with anti-Ca 2ϩ channel subunit antibodies showed cosedimentation of all subunits in the same fractions in each preparation, indicating that the integrity of Ca 2ϩ channels was not disrupted during the partial purification process ( Fig. 1 A and B) . Comparison of brain and skeletal muscle Ca 2ϩ channel complexes shows that the brain complex is larger in size than the skeletal muscle complex ( Fig. 1 A and B) . Likewise, when brain Ca 2ϩ channel complexes were enriched through alternative heparin chromatography instead of WGA chromatography, we observed a difference in the size of the Ca 2ϩ channel complex ( Fig. 1 A and  C) , which is very similar to the difference in size between the brain and skeletal muscle Ca 2ϩ channel complexes ( Fig. 1 A and  B) . The size of Ca 2ϩ channel complexes in sucrose gradient after heparin chromatography is very similar to that of completely purified N-type Ca 2ϩ channel complexes in a previous study (4) . This result suggests that brain Ca 2ϩ channel complexes partially purified through WGA chromatography are associated with some additional neuronal proteins that do not exist in skeletal muscle and that these proteins are dissociated during the process of heparin chromatography. Interestingly, the ␥ 2 and ␥ 3 subunits are part of the neuronal proteins dissociated during the process of heparin chromatography (Fig. 1C) . In addition, as a statistical analysis of the cosedimentation data, we plotted the normalized density of each protein as a function of sucrose gradient fraction number and sucrose percentage using data from five or six Western blot analyses of independent partial purification through WGA chromatography. As expected, the densitometry analysis shows that the distribution of Ca 2ϩ channel subunits completely overlaps in the graph (Fig. 1D) , confirming the association of Ca 2ϩ channel subunits in a complex.
In a previous study (5), we showed that the ␥ 2 subunit is part of the Ca 2ϩ channel complex as shown in Fig. 1 A. Recent studies reported that postsynaptic proteins such as AMPA receptor and PSD95 could bind to stargazin when these proteins are expressed in COS7 cells (8) (9) (10) . Considering these previous studies and our data in Fig. 1 , we hypothesized that neuronal Ca 2ϩ channels could form a large complex with synaptic proteins in the postsynaptic membrane. To test this hypothesis, we performed a Western blot analysis of the sucrose gradient fractions from rabbit brains with antibodies specifically recognizing subunits of AMPA receptors, GluR1 and GluR2͞3, and PSD95. As shown in Fig. 2A , GluR1 and GluR2͞3 are cosedimented with Ca 2ϩ channel subunits. In addition, a fraction of PSD95 cosedimented with Ca 2ϩ channel subunits. To clarify the cosedimentation results of AMPA receptors and PSD95, the densitometry analysis was performed with these postsynaptic proteins (Fig. 2B) . The analysis showed that the distribution of GluR2͞3 completely overlaps with Ca 2ϩ channel subunits. In the case of PSD95, although the first peak is in the middle of the sucrose gradient, the second peak completely overlaps with Ca 2ϩ channel subunits, suggesting partial cosedimentation of PSD95 with Ca 2ϩ channels and AMPA receptors (Fig. 2B) . To confirm that the cosedimentation of the postsynaptic proteins with the Ca 2ϩ channel subunits is due to specific interactions with the Ca 2ϩ channel complex, sucrose gradient fractions containing both Ca 2ϩ channel subunits and synaptic proteins (Fig. 2 A) were pooled and subjected to immunoprecipitation analyses. Polyclonal anti-␣ 1 antibodies recognizing ␣ 1 2.1͞2 subunits of Ca 2ϩ channel precipitated both the GluR2͞3 and PSD95 (Fig. 2C, lane  2) . Monoclonal anti-␤ antibodies recognizing all Ca 2ϩ channel ␤ subunits were also able to precipitate these postsynaptic proteins (Fig. 2C, lane 3) . Furthermore, polyclonal anti-␥ 2/3 subunit antibodies precipitated both the GluR2͞3 and PSD95 (Fig. 2C , lane 4). To rule out the possibility of nonspecific precipitation, the same samples were analyzed with anti-Na ϩ ͞K ϩ ATPase antibodies. Na ϩ ͞K ϩ ATPase is abundant in the brain and can be enriched by WGA chromatography. The Na ϩ ͞K ϩ ATPase was detected in the pooled fraction of the sucrose gradient before immunoprecipitation (Input, Fig. 2C , lane 1), but it was not precipitated by any of the Ca 2ϩ channel subunit antibodies (Fig.  2C , lanes 2-4). Taken together, these cosedimentation and coimmunoprecipitation results demonstrate a specific association of AMPA receptors and PSD95 with neuronal Ca 2ϩ channels in a complex.
Considering that AMPA receptors and PSD95 are major proteins in the PSD, the association of those proteins with Ca 2ϩ channels suggests the enrichment of Ca 2ϩ channels in the PSD. To examine the possibility, the enrichment of Ca 2ϩ channels in the PSD was investigated through subcellular fractionation of synaptic proteins from whole rabbit brain as described in Methods. The reliability of our subcellular fractionation was tested through Western blot analyses of the protein samples with antibodies specific for presynaptic or postsynaptic marker proteins (Fig. 3A) . A presynaptic marker protein, synaptophysin, was highly enriched in both synaptosome and supernatant, which were supposed to include presynaptic proteins extracted by Triton X-100 from the synaptosome. In contrast, postsynaptic marker proteins PSD95 and GluR2͞3 were highly enriched in both synaptosome and pellet presumed to include postsynaptic proteins, which were not extracted by Triton X-100 from the synaptosome. These controls demonstrated that presynaptic and postsynaptic proteins were successfully enriched and separated through our subcellular fractionation. The Western blot analyses of the samples with various antibodies specific for Ca 2ϩ channel subunits show that all of the subunits are highly enriched in the PSD (Fig. 3 B and C ). This biochemical evidence shows the enrichment of Ca 2ϩ channel subunits in the postsynaptic membrane. In addition, as expected, most of the Ca 2ϩ channel subunits are also detected in the presynaptic membrane, except ␣ 1 1.2 ( Fig. 3 B and C) . These results indicate that the association of neuronal Ca 2ϩ channels with the AMPA receptors and PSD95 is, at least in part, in the PSD.
Having shown that the AMPA receptors could be associated with neuronal Ca 2ϩ channels, we next examined whether this association would change Ca 2ϩ channel activities using human embryonic kidney (HEK) cells stably expressing ␣ 1 2.1, ␣ 2 ␦-1, and ␤ 1a , subunits of Ca 2ϩ channels (HEK-BI 24-4). Coexpression of AMPA receptors (GluR1ϩ2) does not significantly change the peak current density of the Ca 2ϩ channels (Table 1) . Peak current densities (pA͞pF) were Ϫ16.80 Ϯ 2.07 and Ϫ17.22 Ϯ 6.61 in Ca v 2.1 and Ca v 2.1 coexpressed with AMPA receptors, respectively (Table 1) . Interestingly, the peak currents were observed at different membrane potentials between two groups of cells, suggesting a change in voltage dependence of Ca v 2.1 by AMPA receptor association. The peak currents were observed at 20 mV and 10 mV, in Ca v 2.1 and Ca v 2.1 plus AMPA receptors, respectively. We therefore investigated the voltage-dependent properties of activation of Ca v 2.1. As expected, steady-state activation of Ca v 2.1 is significantly altered by coexpression of AMPA receptors (Fig. 4A ). There was a significant shift of membrane potential for half-maximal activation (V 1/2 ) in Ca v 2.1 by AMPA receptor coexpression ( Fig. 4A and Table 1 ). Membrane potential for V 1/2 was 13.41 Ϯ 2.37 mV (n ϭ 10) in cells expressing Ca v 2.1 and significantly shifted to 3.30 Ϯ 1.57 mV (n ϭ 10) upon coexpression of AMPA receptors (P Ͻ 0.001). The slope factor (k) of the activation curve for Ca v 2.1 was also significantly affected by AMPA receptor coexpression (Fig. 4A and Table 1 ). In addition, the properties of voltage-dependent inactivation were studied. However, AMPA receptor coexpression does not significantly affect either the membrane potential for half-maximal inactivation or the slope factor of the steadystate inactivation of the Ca v 2.1 currents (data not shown).
Activation kinetics of Ca v 2.1 and Ca v 2.1 plus AMPA receptor were also compared by analyzing the time-to-peak (TP) of Ca v 2.1 currents in a series of test potentials ranging from Ϫ10 to ϩ50 mV. As illustrated in Fig. 4B , the activation of currents is significantly accelerated by AMPA receptor coexpression at the membrane potentials Ϫ10 and 0 mV (see also Table 1 ). For example, at Ϫ10 mV, TP values were 242.66 Ϯ 26.39 ms (n ϭ 10) and 124.09 Ϯ 27.91 ms (n ϭ 10) in Ca v 2.1 and Ca v 2.1 coexpressed with AMPA receptors, respectively (P Ͻ 0.01). In addition, the properties of inactivation kinetics were studied. However, inactivation kinetics of Ca v 2.1 are not significantly affected by coexpression of AMPA receptors (data not shown).
Having shown that the none-active AMPA receptors could modulate Ca v 2.1, we next examined whether Ca v 2.1 current could be modulate by stimulation of the AMPA receptor using the HEK-BI 24-4 cells. A 30-ms positive ramp protocol from Ϫ30 to 60 mV was applied at 1͞15 Hz interval in the external solution containing 3 mM Ba 2ϩ as a charge carrier (Fig. 4C) . The Ba 2ϩ current was increased by membrane depolarization above Ϫ30 mV, and increasingly reached the maximum around 2 mV. The apparent reversal potential was 45 mV. AMPA (100 M) reduced the peak current amplitude to 88 Ϯ 2% (n ϭ 7) of the control Ba 2ϩ current after a 2.5-min application (bold trace in Fig. 4C ). Threshold and the membrane potential giving the maximum current amplitude were unaffected, whereas the reversal potential was slightly shifted in the hyperpolarizing direction by 5 mV. The current suppression was slowly and partially reversed by wash (1.5 min). We finally confirmed the functional expression of AMPA receptors by exchanging the external solution to the tyrode and applying 100 M AMPA and 50 M cyclothiazide (CTZ): the drugs slowly developed typical GluR1ϩ2 inward currents at a holding potential of Ϫ70 mV (data not shown). Because AMPA receptors are rapidly desensitized by AMPA in the absence of CTZ and external solution contained Ba 2ϩ and tetraethylammonium (TEA) ϩ , contribution of AMPA currents should be very little or not at all during the observed change of Ba 2ϩ currents by AMPA, leading to an idea that stimulation of GluR1ϩ2 by AMPA elicits currentindependent suppression of Ca V 2.1 channels.
We also investigated whether Ca 2ϩ channel association could modulate AMPA receptor activities using the HEK-BI 24-4 cells. Interestingly, coexpression of Ca v 2.1 with AMPA receptors does change the Ca 2ϩ influx through the AMPA receptors that consist of GluR1 subunits (Fig. 4D) . In depolarizing high K ϩ solution, AMPA-induced Ca 2ϩ entry through the AMPA receptors was increased about twice in the HEK-B2 24-4 cells coexpressing Ca v 2.1 compared with that in the HEK cell expressing GluR1 alone.
Discussion
There have been several electrophysiological and immunocytochemical studies demonstrating the expression of voltageactivated Ca 2ϩ channel in the postsynaptic membrane (13) (14) (15) (16) (17) . However, there has been no biochemical study showing the enrichment of the channel in the postsynaptic membrane. In the present study, we show not only the enrichment of Ca 2ϩ channels in the postsynaptic membrane but also the association of postsynaptic proteins with the Ca 2ϩ channels in native brain tissue through a series of biochemical studies. Furthermore, our electrophysiological and Ca 2ϩ imaging studies using heterologously Ten cells were used for each experiment. Values are presented as mean Ϯ SEM. * , P Ͻ 0.05; ** , P Ͻ 0.01. (with respect to Cav2.1). AMPAR, AMPA receptor; I, current; C, capacitance; G, conductance; V, potential; V 1͞2, membrane potential for half-maximal activation; k, slope factor. expressed neuronal Ca 2ϩ channels and AMPA receptors demonstrate functional association of these two proteins.
A previous electrophysiological study of the postsynaptic Ca 2ϩ channel suggested that the major Ca 2ϩ channel currents expressed in the dendrite of hippocampal neurons are Ca v 2.1 and Ca v 2.2 currents (17) . Based on this finding, our biochemical analysis of postsynaptic Ca 2ϩ channels was focused on Ca v 2.1 and Ca v 2.2. Because ␣ 1 2.1 showed multiple bands, possibly consisting of splice variants as reported (18), all of our sucrose gradient fractionation data were presented with ␣ 1 2.2 signals, although both proteins were always analyzed simultaneously. In addition, we did not investigate the association of AMPA receptors and PSD95 with Ca v 1.2 because a recent study (19) suggested that the postsynaptic proteins are not associated with Ca v 1.2.
Our studies showing the association of AMPA receptors and Ca 2ϩ channels in the postsynaptic membrane raise a very interesting question: What is the physiological meaning of the Ca 2ϩ channel association with AMPA receptors? It is well known that an increase in postsynaptic [Ca 2ϩ ] i is an important factor for synaptic plasticity, such as LTP and long-term depression (LTD) (20) . The trafficking of AMPA receptors has also been suggested as one of the key mechanisms for LTP and LTD (1) . Considering the roles of [Ca 2ϩ ] i and AMPA receptor trafficking in synaptic plasticity, the assembly of AMPA receptors and Ca 2ϩ channels may be important for the regulation of AMPA receptor trafficking. In fact, a recent study (21) demonstrated that the change of local [Ca 2ϩ ] i could regulate the lateral movement of AMPA receptors in cultured hippocampal neurons. Considering these studies, our electrophysiological analysis of the association between Ca 2ϩ channels and AMPA receptors not only confirms their physical association but also suggests some clues about the possible function of their association. By coexpression of AMPA receptors, the steady-state activation curve of Ca v 2.1 was shifted to negative membrane potential, and activation was accelerated at membrane potentials more negative than that of peak current of Ca v 2.1 (Fig. 4 A and B and Table  1 ). This finding means that association of AMPA receptors with Ca 2ϩ channels could increase the activity of Ca 2ϩ channels at a lower membrane potential than that of peak current. In a real physiological situation, the functional association could cause more activation of Ca 2ϩ channels with a relatively small change of membrane potential in a neuron. The increase of Ca v 2.1 activity could increase the Ca 2ϩ influx, resulting in a favorable local environment for the stabilization of AMPA receptors in synapse. On the other hand, when the AMPA receptors are activated, the association of AMPA receptor negatively modulated the current of Ca v 2.1 (Fig. 4C) . The decrease of Ca 2ϩ channel activity could decrease the Ca 2ϩ influx, resulting in a favorable local environment for the lateral movement of AMPA receptors. In that way, the assembly of AMPA receptor and Ca 2ϩ channel could be an important part in the molecular mechanism underlying synaptic plasticity. It has been suggested that the change of [Ca 2ϩ ] i in local environment regulates the binding of chaperone proteins to AMPA receptors or phosphorylation of AMPA receptors (1) . Based on recent studies (5, 8, (22) (23) (24) and biochemical data in this study (Fig. 2) , PSD95 or Ca 2ϩ channel ␥ 2 subunits (stargazin) could be a candidate chaperon protein modulating AMPA receptor trafficking depending on the Ca 2ϩ influx through Ca 2ϩ channels.
Methods
Partial Purification of Native Ca 2؉ Channel Complexes. The Ca 2ϩ channel complex was partially purified from skeletal muscles or brains of rabbits as described (5) . Briefly, from 50 mg of microsomes washed with 2 M KCl twice, the Ca 2ϩ channel complexes were extracted with 1% digitonin (Biochemica & Synthetica, Staad, Switzerland). Unless otherwise indicated, the Ca 2ϩ channel complexes were then enriched through WGA chromatography and sucrose density gradient.
Immunoprecipitation of Ca 2؉ Channel Subunits. Ca 2ϩ channel subunits and postsynaptic proteins were immunoprecipitated from the partially purified Ca 2ϩ channel complex as described without major modification (5) .
Densitometry Analysis of Protein Signals from Western Blots. Protein signals in Western blots were developed by enhanced chemiluminescence (ECL) (SuperSignal or DuraSignal; Pierce) and imaged by using an image capturing system (MultiImage; Alpha Innotech, San Leandro, CA). The density of protein signals was measured by using the image process program Fluorchem 3.04A (Alpha Innotech) just under the saturation of the strongest signal. The density of each protein was normalized through the measurements of approximately five to six independent experiments. After statistical analysis, the mean Ϯ SEM values were plotted as a function of fraction number of sucrose gradient, and the sucrose percentage was measured with a refractometer (Milton Ray, Rochester, NY). Subcellular Fractionation. To purify presynaptic and postsynaptic proteins, subcellular fractionation was performed based on a previously described method (25) , with some modification. Whole rabbit brains (17 g) were homogenized in a homogenization buffer containing 4 mM Hepes (pH 7.4), 320 mM sucrose, 5 mM EDTA, 5 mM EGTA, and a mixture of protease inhibitors. Cell debris and nuclei were removed by centrifugation at 800 ϫ g for 10 min. The supernatant was centrifuged at 9,000 ϫ g for 15 min to obtain crude synaptosomal fraction as pellet. The crude synaptosomes were resuspended in the homogenization buffer and centrifuged at 10,000 ϫ g for 15 min. The washed crude synaptosomes were lysed by hypoosmotic shock in water, rapidly adjusted to 1 mM Hepes͞NaOH (pH 7.4), and stirred on ice for 30 min. After centrifugation of the lysate at 25,000 ϫ g for 20 min, the pellet was resuspended in 0.25 M buffered sucrose. The synaptosome membranes were then further enriched through a discontinuous sucrose gradient containing 0.8͞1.0͞1.2 M sucrose. After centrifugation at 65,000 ϫ g for 2 h, the synaptosomal plasma membranes (SPM) were collected from 1.0͞1.2 M sucrose interface. Presynaptic membrane proteins were extracted from the SPM through solubilization with 0.2% Triton X-100 in 0.5 mM Hepes͞NaOH (pH 7.4), followed by centrifugation at 65,000 ϫ g for 20 min. The resulting supernatant and pellet were designated as presynaptic and PSD fractions, respectively.
Antibodies and Western Blot Analysis. Polyclonal antibodies Sheep 37, Sheep 46, Sheep 49, Rabbit 145, and Rabbit 239, specific for the neuronal Ca 2ϩ channel subunits ␣ 1 2.1͞2, ␣ 1 2.2, ␤ 3 , ␤ 4 , and ␥ 2/3 , respectively, have been described (6, (26) (27) (28) . Antibodies IIID5E1, Guinea Pig 1, Sheep 6, and Guinea Pig 16, specific for the skeletal muscle Ca 2ϩ channel subunits ␣ 1 1.1, ␣ 2 ␦, ␤ 1a , and ␥ 1 , respectively, have been characterized (7, (29) (30) (31) . Monoclonal antibody VD2 1 , which recognizes all Ca 2ϩ channel ␤ subunits, has been described (32) . Anti-GluR2͞3 serum was a gift from M. Sheng. The antibodies specific for GluR1 (Sigma), Na ϩ ͞K ϩ ATPase (Affinity BioReagents, Golden, CO), Ca v ␣ 1 2.1 subunit (Alomone, Jerusalem), and Ca v ␣ 2 ␦-1 (Alomone) were obtained from commercial sources as indicated. Western blot analysis was performed as described (5) .
Cell Culture and Transfection. The HEK-BI 24-4 cell line stably expressing the ␣ 1 2.1, ␣ 2 ␦-1, and ␤ 1b subunits of Ca 2ϩ channels was established and maintained as described (6) . Transient transfections of GluR1 and͞or GluR2 were performed by using FuGENE 6 (Roche Molecular Systems, Indianapolis) or SuperFect Transfection Reagent (Qiagen, Valencia, CA) according to the manufacturer's protocol. cDNA clones used for the transfection were as follows: Rat GluR1 in pRK5 and Rat GluR2 in pRK5. In addition, plasmids encoding the eGFP (BD Biosciences Clontech) or pGFP-F (Clontech) were cotransfected with the other cDNAs to select positively transfected cells. Furthermore, the protein expressions of the transfected genes were confirmed through Western blot analyses with specific antibodies for each protein.
Electrophysiological Recording and Analysis. Ca 2ϩ channel activity was recorded from the HEK-BI 24-4 cells by using the whole-cell patch-clamp technique (33) at room temperature. Pipette resistance ranged from 2 to 4 M⍀ when filled with the pipette solutions. Output signals were filtered at 2 kHz and sampled at 10 kHz. Steady-state activation curves were described by a modified Boltzmann equation: G ϭ G max ͞[1 ϩ exp((V m Ϫ V 1/2 )͞k)]. G represents conductance obtained from the equation: G ϭ I͞(V m Ϫ E). I represents current density, G max is maximum conductance, V m is test potential, E is reversal potential, V 1/2 is potential of halfactivation, and k is slope factor. To obtain the estimates of the activation rates, time-to-peak was measured by using an analytical routine of pClamp 8.1 program. The tyrode solution contained 150 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM Hepes, and 10 mM glucose (pH adjusted to 7.4 with NaOH).
Fluorescent Measurements. Fluorescence images of the cells were recorded and analyzed with a video images analysis system (ARGUS-20͞CA; Hamamatsu Photonics, Hamamatsu City, Japan). The fura-2 fluorescence at an emission wavelength of 510 nm (bandwidth, 20 nm) was obtained at room temperature by exciting fura-2 alternately at 340 and 380 nm (bandwidth, 11 nm). The 340:380 nm ratio images were obtained on a pixel-by-pixel basis. The fura-2 fluorescence was measured in Hepes-buffered saline (HBS) containing 107 mM NaCl, 6 mM KCl, 1.2 mM MgSO 4 , 2 mM CaCl 2 , 11.5 mM glucose, and 20 mM Hepes (adjusted to pH 7.4 with NaOH).
